HIV type I (HIV-1) can cause G2 cell cycle arrest and death of CD4 ؉ T lymphocytes in vitro and inexorable depletion of these cells in vivo. However, the molecular mechanism of viral cytopathicity has not been satisfactorily elucidated. Previously, we showed that HIV-1 kills T cells by a necrotic form of cell death that requires high level expression of an integrated provirus but not the env or nef genes. To determine which viral protein(s) are required for cell death, we systematically mutated, alone and in combination, the ORFs of the NL4-3 strain of HIV-1. We found that the elimination of the viral functions encoded by gag-pol and vpu, tat, and rev did not mitigate cytopathicity. However, elimination of the vif and vpr accessory genes together, but not individually, renders the virus incapable of causing cell death and G 2 cell cycle blockade. We thus identify vif and vpr as necessary for T cell cytopathic effects induced by HIV-1. These findings may provide an important insight into the molecular mechanism of viral pathogenesis in AIDS.
I
n the absence of antiviral drug therapy, infection with HIV-1 leads to a progressive decline in CD4 ϩ T cell number. This cell depletion produces an immunodeficiency state resulting in the opportunistic infections characteristic of AIDS (reviewed in ref. 1) . Mathematical modeling suggested that the majority of HIVinfected cells die with a half-life of Ϸ2 days (2) (3) (4) . However, the number of infected cells is reported to be approximately constant (3) , suggesting that large numbers of infected cells are produced and destroyed each day. T cell production does not fully balance destruction, leading to the eventual depletion of CD4 ϩ T cells. Recent studies suggest that direct viral infection causes the massive destruction of memory CD4 ϩ T cells in various tissues within 2-3 weeks after acute infection (5) (6) (7) (8) . In macaques infected with simian immunodeficiency virus, the majority of CD4 ϩ T cells are lost in a period of only 4 days (7, 8) . The loss of CD4 ϩ T lymphocytes could be due to direct cytopathic effects or possibly to CD8 ϩ cytolytic T cell responses that kill virally infected cells.
Viral pathogenesis is a multifactorial process, involving host and virus factors that trigger multiple pathologic mechanisms. Cytopathic effects could derive from direct cell injury by the virus or immunopathology as a result of the host's immune response. Accumulating evidence suggests that significant cell death during HIV-1 infection can be attributed to direct viral killing of infected cells in cultures and in peripheral blood mononuclear cells from AIDS patients (9) (10) (11) . However, the molecular basis of the viral cytopathic effect, including the specific viral and host components involved, is not yet completely defined.
To understand viral cytopathicity, we have used a single-cell analysis system that distinguishes between infected and uninfected cells by monitoring the expression of a mouse heat-stable antigen (HSA)͞CD24 marker engineered in the NL4-3 stain of HIV-1 (12, 13) . Our previous quantitative measurements of cell death in infected versus uninfected cells with the NL4-3 HSA strain by using flow cytometry showed that only infected cells were killed (14) . Moreover, the death of T cells was necrotic rather than apoptotic in nature (12) (13) (14) . Previous work has suggested that the nef and env genes may have important roles in viral pathogenesis (15) (16) (17) , reviewed in refs. [18] [19] [20] . However, direct CD4 ϩ T cell death induced by HIV-1 infection is independent of Env and Nef proteins (12, 13) . Thus, the viral genes that account for direct CD4 ϩ T cell necrotic death have not been conclusively determined.
Vpr, an accessory protein of uncertain function in the HIV-1 life cycle, has been implicated in cytopathicity and G 2 cell cycle arrest (21) (22) (23) (24) (25) . Mutational analyses indicated a correlation between cell-cycle arrest and virally induced cell death (25) (26) (27) . However, abrogation of the G 2 -phase arrest did not prevent Vpr-induced cell death in other studies (24, (28) (29) (30) (31) , raising the possibility that cell cycle arrest is not the cause of Vpr-mediated cell death. It is important to ascertain the role Vpr plays in the processes of cell cycle arrest and cell death, vis-à-vis other HIV-1 genes, during infection in CD4 ϩ T lymphocytes.
Vif is an accessory protein that can promote HIV-1 replication in certain restrictive cell types but whose role in viral pathogenesis is controversial (reviewed in ref. 32; refs. 33-38) . The first well-described function of Vif came from recent studies that revealed an interaction between Vif and an innate antiviral factor, A POBEC 3G (39) . Vif prevents packaging of APOBEC3G, a cytidine deaminase and viral DNA modifier, into virus particles by targeting it for proteasomal degradation (reviewed in ref. 32; 33-35) . APOBEC3G expression is limited to primary cells and certain cell lines, including H9 and CEM, in which Vif is required for productive infection by HIV (39) . This observation solved the long-standing mystery of why Vif function is cell-type-dependent. However, a possible contribution of Vif to viral pathogenesis and cytopathicity, besides its role in productive infection, has not been clearly delineated.
To identify a viral genes essential for cytopathicity, we created a null mutation in each HIV-1 gene of a laboratory strain, NL4-3, and examined the ability of each mutant virus to kill CD4 ϩ T cells during a single round of infection. We observed the loss in cytopathic capacity if both Vif and Vpr were absent from the virus. Our results indicate that these accessory proteins play central roles in the HIV-1 direct killing of T cells. Intriguingly, proliferation of highly infected cells was observed only in the absence of both Vif and Vpr. Detailed analyses of DNA content in infected cells indicated that Vif and Vpr exclusively and independently cause cell cycle arrest at the G 2 phase. Our results suggest a link between HIV-1 cytopathicity and cell cycle arrest and identify two HIV-1 genes responsible for these effects.
Results
To identify the HIV-1 gene or genes essential for cytopathicity in infected CD4
ϩ T cells, we created various mutant versions of the laboratory strain, NL4-3 HSA possessing combinations of ''knockout'' mutations in different coding regions of the viral genome ( Fig.  1A ; see also Table 1 , which is published as supporting information on the PNAS web site). The mutations were nonsense substitutions designed to generate premature stops in the ORFs (Table 1) . We introduced stop codons and microdeletions to inactivate ORFs, rather than the deletions of entire genes to prevent the destabilization of viral genomes due to large deletions.
For a Gag-deficient strain, elimination of the start codon resulted in internal translation starting at M142 (data not shown). Therefore, we generated two additional stop codons in tandem at R150 and L152 to eliminate spurious internal translation initiations. A Western blot of lysates from 293T cells transfected with a plasmid encoding the Gag-Pol-deficient virus confirmed the expected absence of the Pr160 Gag-Pro-Pol polyprotein and Pr55 Gag (Fig. 1B) . Similarly, stop codons were used to eliminate Vif and Vpr, which was also confirmed by Western blotting (Fig. 1C) . A virus containing a Vpu deletion was produced by using a construct generated and validated in refs. 40 and 41. All of the mutant strains were constructed on a Env Ϫ Nef Ϫ HSA ϩ version of NL4-3 described in refs. 12, 13, and 21. This construct harbors a frameshift mutation in the env gene to restrict replication to a single round of infection by using VSV-G-pseudotyped virus (12, 13, 21) . Moreover, the nef gene is replaced by the mouse heat stable antigen (HSA͞CD24), which serves as a cell surface marker for infection that is readily detected by flow cytometry (12, 13, 21) .
We found that infection of Jurkat cells with Env Ϫ strains of NL4-3 HSA with an multiplicity of infection (MOI) of 5 led to death of infected cells within 4 days (Fig. 2Ac) . Substantial death also occurred in an infected population at an MOI of 1 or 3, manifesting 3% and 13% viability, respectively, although there was greater cell survival at each time point as the MOI decreased (Fig. 2B) . These results demonstrated the profound cytopathicity of the NL4-3 HSA Env Ϫ strain in these culture conditions as shown in refs. 12-14. In a typical experiment, very few HSA hi , i.e., infected, cells remained alive after 4 and 8 days at a MOI of 5 and 3, respectively. As a control, Jurkat cells were infected with virus particles carrying a GFP-encoding genome devoid of all HIV proteins except for Tat and Rev. We found that even at a high MOI, this virus produced no significant decrease in cell viability (Fig. 2 Ab) . Thus, proviral expression of NL4-3 genes are necessary for cytopathicity under these culture conditions as shown in refs. 12 and 14.
Because of their well described biochemical functions, we initially hypothesized that one of the enzymatic or structural proteins, such as protease, would be responsible for the cytopathic effect of HIV-1. We, therefore, initially disrupted the gag-pol reading frame ( Fig. 1 A and Table 1 ). We prepared infectious virions harboring HIV-1 genomes lacking structural and͞or enzymatic genes by cotransfecting a complementing helper plasmid, ⌬R8.2⌬Vpr into the 293T producer cells (23) . This encapsidation-deficient NL4-3 helper plasmid provides in trans the wild-type proteins necessary for packaging and virus production. Surprisingly, we found that the Gag Ϫ Pol Ϫ strain still killed infected Jurkat cells at a rate comparable to that of the NL4-3 HSA Env Ϫ parental strain (Fig. 3A) . We therefore tested combinations of mutations in accessory genes together with those in structural and enzymatic genes. A frameshift mutation in vif gene in the Gag Ϫ Pol Ϫ background retarded the onset of cell death by 2 days; however, it did not reduce the eventual overall level of cell death. Removal of Vpr in the Gag Ϫ Pol Ϫ backbone also diminished direct cell killing such that Ϸ25% of HSA hi cells were still alive after 8 days of infection ( Fig. 3 A and B) . By contrast, little change in cytopathicity was detected with Gag Ϫ Pol Ϫ and with Vpu Ϫ strain of NL4-3 HSA . The higher viability in cultures exposed to virus with mutations in Gag, Pol, and Vpr reflected outgrowth of uninfected cells and the survival of infected cells. The fraction of HSA-expressing cells became smaller at day 8 compared to earlier days because of uninfected, rather than infected, cells increasing in the culture (Fig. 3B ). The outgrowth of uninfected cells was usually observed with Env Ϫ strains because a single round of infection was never 100% efficient.
Next, we investigated the properties of viruses with multiple mutations in accessory genes and to Gag and Pol mutations. 
Cells infected with a Gag
Ϫ Pol Ϫ Vpr Ϫ Vpu Ϫ strain showed 68% viability and 37% HSA hi cells at 8 days after infection ( Fig. 3 A  and B) . However, the most impressive results were obtained with
Ϫ mutant strains at MOI of 5, which showed 67% and 78% viability at 8 days of infection, respectively, with 65-85% of these cells being HSA hi (Fig. 3 A and B) . Hence, cell death was clearly reduced when both Vif and Vpr were absent. No other combination of gene mutations produced a comparable attenuation of cytopathicity and survival of highly infected cells.
To directly examine the contribution of Vif and Vpr to cytopathicity, we created the same mutations in the Gag ϩ Pol ϩ background of NL4-3 HSA Env Ϫ . We first investigated the phenotypes of mutant NL4-3 strains lacking only one of the accessory genes, vif, vpr, or vpu. We found these mutant strains to be as potently cytopathic as NL4-3 HSA Env Ϫ at an MOI of 5, despite minor variations in the initial killing rate (Fig. 4 A and B) . The combined loss of Vif and Vpu or Vpr and Vpu expression did not significantly alter cytopathicity. By contrast, when both Vif and Vpr were disrupted, killing was clearly diminished ( The HSA hi cells were still viable and proliferating 25 days after infection (Fig. 7B) . These results indicated important roles for the Vif and Vpr accessory proteins in HIV-1 cytopathicity.
We found that the expression of vpu contributes modestly to direct cell killing when infection is performed at a higher MOI (Fig. 4B and 8B ). In cells infected with Vif Ϫ Vpr Ϫ strain, high HSA expression was detected at day 8 in 72% and 78% of live cells at MOI of 3 and 5, respectively (Fig. 8) . However, the cytopathicity of this Vpu expressing virus was severely compromised at an MOI of 3, indicating that Vif and Vpr play the dominant cytopathic role. Additionally, cell death due to Vif Ϫ Vpr Ϫ and Vif Ϫ Vpr Ϫ Vpu Ϫ strains was the same when infection was performed at an MOI of 3 (Fig. 4A) . Together, these data indicate that the effect of Vpu on direct cell killing is not substantial, especially at low levels of infection.
We also examined the phenotypes of the mutant strains in peripheral CD4
ϩ T cells, a MOLT-4 T cell line, and a SupT1 T cell line to extend our results to other transformed and nontransformed T cells. Peripheral CD4 ϩ T cells were infected with . The viability of the total population was measured as described in Fig. 2 (Fig. 5A) . Vif killing was also observed in the peripheral CD4 ϩ T cells, which expresses APOBEC3G. Therefore, Vif-induced cytopathicity in Jurkat cells is unlikely to be a result of overexpression͞hyperactivation of Vif in the absence of its natural substrate APOBEC3G.
MOLT-4 and SupT1 cells were similarly infected with the mutant NL4-3 HSA Env Ϫ strains used for Jurkat infections ( Fig.  5 B and C) . MOLT-4 showed the highest viability of all infected cells examined. However, only 30-40% of MOLT-4 cells were HSA hi compared to 80-90% for the other cell types, which probably accounts for the apparent increase in viability among these cells (Fig. 5B) . Nevertheless, infection of either MOLT-4 or SupT1 cells with Vif Ϫ Vpr Ϫ and Vif Ϫ Vpr Ϫ Vpu Ϫ viruses resulted in viability comparable to that seen among uninfected cells, in contrast to the 40% reduction in viability observed when vif and vpr genes were intact. Hence, the data from multiple T cell lines and normal nontransformed T cells reveal a principal role for both the Vpr and Vif accessory proteins, but not other viral proteins, in HIV-1 mediated cytopathicity.
During these experiments, we noticed that cells infected with Vif Ϫ Vpr Ϫ strains underwent cell division and maintained high HSA expression for extended periods of time. However, the proliferation of infected cells was not observed with the other strains, even those lacking Vpr, if Vif was intact. The HSA hi fraction of these cells appeared to diminish as a consequence of a higher rate of proliferation among uninfected cells as well as cytopathicity (Fig. 7) . This observation was surprising because cell cycle arrest is typically believed to require the presence of Vpr. An intriguing possibility was that Vif also caused cell cycle arrest. We therefore examined the DNA content of cells infected with various mutant viruses. The majority of uninfected Jurkat cells or those infected with the GFP-only virus were at the G 1 phase of the cell cycle ( Fig. 6 ; see also Fig. 9 a and b , which is published as supporting information on the PNAS web site). As expected, the DNA profile shifted from the G 1 phase to the G 2 phase in cells infected with Env Ϫ virus, which contained intact Vpr, indicating cell cycle arrest (Figs. 6 and 9c) . Surprisingly, we found that viruses lacking Vpr also showed arrest at the G 2 phase (Fig. 6 and 9 f and j) . However, G 2 blockade was abolished if Vif was eliminated from the Vpr Ϫ virus (Figs. 6 and 9  d, h, and k) . Infected peripheral CD4 ϩ T cells also showed similar cell cycle profiles (Fig. 10 , which is published as supporting information on the PNAS web site), suggesting that APOBEC3G does not affect Vif-induced cell cycle arrest.
To confirm Vif-induced cell cycle arrest, we infected Jurkat cells that were synchronized at the border of G 1 and S phases and examined the progression of cell cycle in infected cells (42) . We pretreated cells with G 1 ͞S blocker aphidicolin for 16 h, and after a 10-h release, we infected the cells in the presence of the drug. Then, infected cells were again released from G 1 ͞S phase blockade after 16 h of the drug treatment. Cells were analyzed for HSA expression and DNA content at 0, 10, 20, and 40 h after the release by flow cytometry. At the time of release (16 h after infection), infected cells were at G 1 phase (Fig. 11 , which is published as supporting information on the PNAS web site). Ten hours after release, infected cells clearly accumulated at the G 2 phase in the presence of Vif and Vpr either alone or in combination (Fig 11 A, C, and D) , confirming cycle arrest by Vif and Vpr. However, in the absence of Vif and Vpr, infected cells did not show the characteristic G 2 arrest profile even at 40 h after infection (Fig. 11B) , supporting G 2 cell cycle blockade independently by Vif and Vpr.
Because flow cytometric analyses of DNA content do not distinguish between G 2 and M phases, we also examined the presence or absence of a mitotic marker by Western blotting. Lysates from infected Jurkat cells were analyzed for the presence or absence of phosphorylation of histone H3 at serine 28. The phosphorylation of histone H3 at Ser-28 occurs during mitotic chromosomal condensation and, thus, serves as an early mitotic marker (43, 44) . Ser-28 phosphorylation of histone H3 was detected in mock-infected cells, indicating the presence of mitotic cells in culture (Fig. 12 , lane 1, which is published as supporting information on the PNAS web site). The amount of Ser-28-phosphorylated H3 was greatly diminished in cells infected with Vif or Vpr expressing viruses (Fig. 12, lanes 2, 4, and  5 ), suggesting that cell cycle arrest occurs at the G 2 rather than the M phase of cell cycle. By contrast, phosphorylated H3 at Ser-28 was restored in cells infected with Vif Ϫ Vpr Ϫ virus (Fig.  12, lane 3) , suggesting that the mutant virus does not cause G 2 cell cycle arrest. Thus, Vif, in addition to Vpr, independently causes cell cycle arrest at the G 2 phase in infected cells. Hence, both genes that play a major role in cytopathicity share the property of cell cycle inhibition at the G 2 stage.
Discussion
Since discovery of the in vitro cytopathic effect of poliovirus by Enders and coworkers (45) , viral cytopathicity has been believed to be a key element of viral pathogenesis in vivo. In vitro, HIV-1 is a highly cytopathic virus that causes CD4 ϩ T cell death shortly after infection. Nevertheless, the importance of this event for AIDS pathogenesis and the mechanism(s) by which it comes about have been unresolved after extensive investigation. Recent work has emphasized that direct viral killing of infected T cells, especially memory T cells, makes an important contribution to AIDS pathogenesis during acute infection (7, 8) . We previously demonstrated that necrotic death occurs in CD4 ϩ T cells during a single round of infection with the NL4-3 HSA laboratory strain of HIV-1 (12) (13) (14) . We also observed that this cytopathic effect could be attributed to direct killing rather than killing of bystander cells (14) . Therefore, in the present study, we sought to define the viral molecules responsible for the direct killing of CD4 ϩ T cells. In particular, we attempted to attribute a lethal effect to specific viral molecules independent of any role in viral infectivity. We systematically created various combinations of mutations that prevented the expression of various viral proteins in the NL4-3 HSA Env Ϫ strain and examined cytopathicity. Although we initially hypothesized that one or more of the structural proteins or enzymes encoded in the HIV genome would cause cell death, this conjecture was not correct. The cytopathicity of the Gag Ϫ Pol Ϫ strain of NL4-3 HSA was unchanged from that of the Env Ϫ strain, resulting in Ͼ80% cell death in 6 days (Fig. 3) .
By contrast, disruption of both the Vif and Vpr coding regions substantially ameliorated virus-induced cell death, indicating that either of these gene products could independently render a viral cytopathic effect. The abrogation of cell death did not diminish and, therefore, was independent of infectivity at least in this in vitro culture system. Jurkat cells highly infected with the NL4-3 HSA Vif Ϫ Vpr Ϫ or NL4-3 HSA Vif Ϫ Vpr Ϫ Vpu Ϫ strain were still viable 25 days after infection (Fig. 7B) . Viability of peripheral blood lymphocytes and other T cell lines was sustained if they were infected with the NL4-3 HSA Vif Ϫ Vpr Ϫ or NL4-3 HSA Vif Ϫ Vpr Ϫ Vpu Ϫ strain (Fig. 5) . Although all of these results were derived from in vitro tissue culture with an MOI Ͼ1, the requirement for either Vif and Vpr for cytopathic effects suggests that these genes could be important in HIV pathogenesis beyond their role in virus infectivity.
Could there be viral components besides Vif and Vpr involved? It was evident that a low level of cell death could be instigated by viruses devoid of Vif or Vpr. However, it was difficult to ascribe this effect to any particular viral molecule, and, therefore, the question remains open. Interestingly, although Gag and Pol themselves did not contribute significantly to cytopathicity, their removal enhanced the protective effect of eliminating Vpr. For example, a Vpr Ϫ strain caused Ϸ88% death in the presence of Gag and Pol, but Gag Ϫ Pol Ϫ Vpr Ϫ mutant strain led to only 55% cell death (Figs. 3  and 4) . Furthermore, strains lacking Vpr and Vpu killed 90% of cells in 8 days, whereas cells infected with a Gag Ϫ Pol Ϫ Vpr Ϫ Vpu Ϫ strain killed only 32% of the cells (Figs. 3 and 4) . The decrease in cytopathicity in Gag Ϫ Pol Ϫ strains was evident only when coupled with the Vpr mutation. Thus, the Gag-Pol polyprotein apparently enhances killing by Vif, which causes cytopathicity in the vpr mutant strain. Vif is the least stable HIV-1 protein (46) , and Gag-Pol may act to stabilize the protein levels of Vif (K.S. and M.J.L., unpublished observations).
Unexpectedly, we observed cell cycle arrest at the G 2 phase in infected cells in the absence of Vpr and determined that Vif was responsible. It is possible that HIV-1 cytopathicity and cell cycle arrest might be correlated; both properties have been previously ascribed to Vpr (reviewed in refs. 22, 47, and 48) . Other studies reported an increase in LTR activity at the G 2 phase and suggested that this increase contributes to viral killing (42, 49, 50) . However, the HSA marker was driven by the LTR in our NL4-3 HSA vector, and we observed no increased HSA expression in the presence of Vif and Vpr.
Agents that cause G 2 cell cycle blockade such as etoposide, vincristine, and nocodazole are known to cause cell death (39, 40, 51) . Hence, it may be that, unlike the G 1 phase, arrest in G 2 , in which replication has doubled the DNA content, is not a natural stopping point in the cell cycle that is tolerated by T cells. Increased ploidy can lead to untoward effects such as chromosome instability (52) . In conclusion, our study sheds light on the components of HIV-1 required for cell cycle arrest and cell death and sets the stage for determining the interrelationship of the two in viral pathogenesis.
Materials and Methods
Virus Stock Production. All virus stocks were produced in 293T cells and pseudotyped by using VSV-G to replace Env, as described in ref. 51 . Briefly, 2 g of HIV-1 plasmid was cotransfected with 1 g each of pLVSV-G (National Institutes of Allergy and Infectious Diseases AIDS Research and Reference Reagent Program) and pCMV⌬R8.2⌬Vpr (23) into 293T cells in a six-well plate by using 13.2 l of ExGen 500 reagent according to the manufacturer's instructions (Fermentas, Hanover, MD). The virus was collected 48 h after transfection and stored at Ϫ80°C. Virus titers were determined by infecting Jurkat T cells with various volumes of virus stocks and assessing the MOI based on the Poisson distribution as described in ref. 13 . For cytopathicity studies, 10 6 Jurkat cells were infected at a MOI of 3 or 5 in the presence of 5 g͞ml polybrene (Sigma) in a 12-well plate, followed by 30 min of centrifugation at 800 ϫ g at room temperature.
For CD4 ϩ T cell infection, peripheral blood lymphocytes were prepared from buffy coats by Ficoll-Paque Plus gradient separation (Amersham Pharmacia Biosciences), and CD4 ϩ T cells were isolated by positive selection by using MACS CD4 microbeads (Miltenyi Biotec, Auburn, CA). After the isolation, CD4 ϩ T cells were immediately stimulated with 3 g͞ml of plate-bound CD3 and 2 g͞ml CD28 antibodies for 3 days before infection. Infection was performed at a MOI of 30 as described above except that 15 g͞ml polybrene and 100 units͞ml of IL-2 were added at the time of infection.
Viability and Infectivity Assay. Cell viability and infectivity were assessed by flow cytometry on FACS Calibur (Becton Dickinson). Cells were harvested every 24 h and stained with propidium iodide (PI) for viability and with fluorescein-conjugated CD24 antibody (HSA, BD Pharmingen) for infectivity.
Construction of Mutant NL4-3HSA Strains. Various mutations were introduced into pNL4-3 HSA Env Ϫ by site-directed mutagenesis or subcloning of mutant fragments. Details are described in Supporting Text, which is published as supporting information on the PNAS web site. The mutations were confirmed by DNA sequencing.
Cell Cycle Analysis. To analyze cell cycle arrest induced by HIV-1, the DNA content of infected Jurkat cells and peripheral CD4 ϩ T cells was examined by flow cytometry. Jurkat cells stained for the surface expression of HSA (13) were first incubated in 1% para-formaldehyde for 10 min at room temperature, washed with 1ϫ PBS, and fixed with 70% ethanol at Ϫ20°C. Subsequently, the fixed cells were washed and stained with DNA staining solution (4 g/ml PI͞50 g/ml RNase͞0.45 mg/ml sodium citrate in 1ϫ PBS). Peripheral CD4 ϩ T cells were stained with 20 M cell-permeable DNA dye, DRAQ5 (Axxora, San Diego), for 5 min at 37°C according to the manufacturer's instructions after HSA staining. Stained cells were examined on a FACS Calibur flow cytometer and analyzed by FLOWJO software (Tree Star, Ashland, OR).
Cell Synchronization and Infection. Jurkat cells were synchronized with a G 1 ͞S phase blocker, aphidicolin, as described in ref. 42 . Briefly, cells were treated with aphidicolin for 16 h and washed for three times to remove the drug. After 10 h of release, cells were infected with NL4-3 HSA wild-type or mutant strains in the presence or absence of aphidicolin. Cells were harvested 0, 10, 20, and 40 h after the release. Viability, fractions of infected cells, and DNA content were analyzed by flow cytometry as described above by using PI, HSA, and DRAQ5 staining, respectively. Cell cycle status was also examined at 20 h after the release by Western blotting as described below.
Western Blot Analyses. To verify the loss of protein expression by site-directed mutagenesis, infected Jurkat cells were lysed with 2% SDS lysis buffer (30 mM Tris⅐Cl, pH 8.0͞150 mM NaCl͞2% SDS͞1 mM EDTA), and protein concentration in lysates was estimated by a bicinchoninic acid assay (Pierce). Equal amount of proteins were loaded onto a SDS͞PAGE, and the loss of protein expression was examined by Western blotting. Patient sera were used to detect Gag and Pol, and Vif and Vpr were probed with specific antibodies. Vif monoclonal antibody (no. 319) was obtained from Michael H. Malim (National Institutes of Health) (36, 53, 54) . The polyclonal antibody against Vpr was generously provided by K. Strebel (National Institutes of Allergy and Infectious Diseases, National Institutes of Health). For cell cycle profile, lysates were analyzed by a Western blot probed for an early mitotic marker by using anti-phopho-histone H3 (Ser-28) antibody (Upstate Biotechnology, Charlottesville, VA).
